The microenvironment surrounding individual phytoplankton cells is often rich in dissolved organic matter (DOM), which can attract bacteria by chemotaxis. These "phycospheres" may be prominent sources of resource heterogeneity in the ocean, affecting the growth of bacterial populations and the fate of DOM. However, these effects remain poorly quantified due to a lack of quantitative ecological frameworks. Here, we used video microscopy to dissect with unprecedented resolution the chemotactic accumulation of marine bacteria around individual Chaetoceros affinis diatoms undergoing lysis. The observed spatiotemporal distribution of bacteria was used in a resource utilization model to map the conditions under which competition between different bacterial groups favors chemotaxis. The model predicts that chemotactic, copiotrophic populations outcompete nonmotile, oligotrophic populations during diatom blooms and bloom collapse conditions, resulting in an increase in the ratio of motile to nonmotile cells and in the succession of populations. Partitioning of DOM between the two populations is strongly dependent on the overall concentration of bacteria and the diffusivity of different DOM substances, and within each population, the growth benefit from phycospheres is experienced by only a small fraction of cells. By informing a DOM utilization model with highly resolved behavioral data, the hybrid approach used here represents a new path toward the elusive goal of predicting the consequences of microscale interactions in the ocean.
bacteria-phytoplankton interactions | motility | competition | microbial loop | dissolved organic matter B acteria in the ocean compete for organic matter to support growth. Strategies for the acquisition of organic matter span a continuum whose extremes are oligotrophy and copiotrophy (1) (2) (3) . Oligotrophic taxa thrive in low-nutrient conditions and dominate bacterial assemblages in most oceanic provinces, whereas copiotrophs are adapted for growth in resource-rich conditions, such as coastal phytoplankton blooms (4) , and can account for much of the carbon uptake by a microbial assemblage (5) . However, the growth advantages of coexisting populations of marine bacteria with different adaptations, in relation to realistic resource landscapes, is challenging to study and frequently neglected in microbial oceanography, reflecting the need for a quantitative ecological framework for the foraging of marine microorganisms and its ecosystem consequences (6) .
One adaptation frequently differentiating copiotrophs from oligotrophs is motility (2) , which typically entails chemotaxis, the ability to sense and move toward a chemical source. Phytoplankton and detrital particles exude dissolved organic matter (DOM), creating strong localized hotspots that fall off through steep gradients into background levels of DOM in bulk seawater (7) . For phytoplankton, this microenvironment is called the "phycosphere" (8) and its composition will vary for healthy, stressed, or dead phytoplankton. Chemotaxis allows some copiotrophic bacteria to accumulate in resource-rich locations and significantly increase their exposure to DOM in transient microscale hotspots (9) (10) (11) (12) (13) . However, the longterm value of chemotaxis for populations may depend on environmental conditions, because the prevalence of motile cells varies widely in natural communities (14, 15) , and genes associated with chemotaxis can be sparse in typical seawater (16) yet abundant and highly expressed in enriched waters (17) . Copiotrophs exhibiting chemotaxis may frequently outcompete oligotrophs that do not swim, and vice versa, yet we have a poor understanding and no predictive tools to determine the conditions under which either strategy is favored. To understand the ecological consequences of bacterial competition for DOM in the phycosphere, a link is needed between the microscale, where chemotaxis unfolds, and the ecosystem scale, where microbial activities integrate into the marine food web.
Here we examine the fate of diatom DOM using a hybrid approach that integrates high-resolution analysis of bacterial dynamics in phycospheres with a mathematical model that bridges microscale observations to ecosystem consequences. Experimentally, we created reproducible, controlled hotspots and attained the most detailed view of phycosphere hotspot dynamics to date. Mathematically, we used this observational data to model the consumption competition between a motile copiotrophic population and a nonmotile oligotrophic population, including an examination of the ocean conditions under which chemotaxis affects the consumption of DOM. This approach allowed us to predict the partitioning of DOM among and within bacterial populations and the effects of DOM consumption on bacterial population dynamics.
Results and Discussion Natural Hotspots. Using time-lapse video microscopy, we repeatedly observed that the motile fraction of bacteria from an enriched coastal ocean community formed clusters around individual phytoplankton cells of different genera ( Fig. 1 A-C and Movie S1) and other planktonic particles, including dead copepods and fecal pellets (Movie S2), all collected from the same samples as the bacteria. The clusters were often ephemeral, lasting from a few
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minutes to >1 h ( Fig. 1 and Movie S2). For example, over 6 min a Chaetoceros diatom (Fig. 1 A-C, upper left) attracted a strong cluster of bacteria that was completely dissipated 3 min later. We interpret these accumulations as the chemotactic response of motile bacteria to the chemical gradients surrounding the phytoplankton cells and organic particles (10) .
Community 16S rRNA gene analysis revealed that the enriched bacterial community used in experiments was dominated by Vibrio spp. and Pseudoalteromonas spp. (Fig. S1 ). These genera are frequently observed in coastal seawater, and the cultured isolates Vibrio alginolyticus and Pseudoalteromonas haloplanktis exhibit strong and rapid chemotaxis toward artificial microscale DOM plumes (18, 19) . These genera also grow in response to short-term enrichments (20, 21) , demonstrating their copiotrophic nature. Thus, enrichment with planktonic particles predictably stimulated growth of copiotrophic taxa, as occurs during natural resource enrichments such as phytoplankton blooms (4) , and our analysis of phycosphere dynamics therefore focused on the responses of these copiotrophic genera.
Controlled Hotspots. To quantitatively characterize the spatiotemporal dynamics of a prototypical chemotactic cluster, we devised an approach to create microscale DOM hotspots on demand using the diatom Chaetoceros affinis (CCMP160), owing to its cosmopolitan distribution and frequent occurrence in natural samples ( Fig. 1 A-C) . We induced the lysis of individual C. affinis chains by 5-to 10-min exposure to fluorescent light (350 nm, 7 mW/mm 2 ) under the microscope, resulting in reproducible DOM pulses that mimic those naturally occurring in the ocean as a result of viral lysis (22) or "sloppy feeding" by zooplankton (23) . Multiple cells in the diatom chains typically underwent lysis; whereas the diatom frustule usually remained intact, the plasma membrane collapsed (Fig. S2 and Movie S3).
Upon diatom lysis, motile bacteria exhibited strong chemotaxis. A representative example (Fig. 1D ) of six replicate experiments (Fig. S3) illustrates a bacterial cluster within the phycosphere, as determined from the quantification of individual bacterial positions with ∼1-μm resolution from time-lapse images acquired every 0.05 s (SI Materials and Methods). The enhancement of bacteria relative to the background concentration, B(r,t), where r is the distance from the diatom center and t is time (SI Materials and Methods), shows an initial accumulation toward the diatom, followed by a sharp increase in intensity reaching greater than 1,000-fold above background (Fig. 1D and Fig. S4B ). Quantitative metrics for cluster intensity and size (Fig. S4C) as well as coincident changes in diatom brightness (Fig. S4A) indicate that this accumulation occurred in response to more than one DOM release event, with the response to some individual releases reflected by brief contractions in the area of the bacterial cluster.
To determine the prototypical cluster response, and sidestep the complexity of multiple sequential lysis events, we repeated experiments on single, isolated C. affinis cells (Movie S4). The resulting bacterial distribution was nearly radially symmetric ( Fig. 2A) . The time course of the cell enhancement, B(r,t), illustrates that the cluster formed within ∼1 min and dissipated after ∼10 min ( Fig.  2 B and C), characteristics that were robustly observed across replicate single-cell lysis events (n = 5; Fig. S5 ) and consistent with previous studies (10, 24) . Shortly after lysis, the cluster intensified substantially. An increase in bacterial concentration over background at distances of r = 1.2-1.8 mm from the diatom ( Fig. S6 ; 3-6 min after lysis) indicates that detectable levels of released DOM reached these distances. Thus, for the purposes of modeling we define 2 mm as the radius of the phycosphere.
DOM Consumption Model. We used the observed bacterial enhancement, B(r,t), in a mathematical model to quantify DOM consumption and predict the implications of hotspot exploitation on the competition for DOM between motile and nonmotile bacteria. Although DOM is often a complex mixture of molecules, we model it here for simplicity as a single compound, whose concentration C(r,t) varies in space (r) and time (t) as a result of diffusion and consumption, that is,
The first term on the right-hand side represents molecular diffusion with diffusivity D. We identified the diffusivity of the effective chemoattractant as that which best corresponded to the observed bacterial response, recognizing that release of chemoattractant may not have been instantaneous (SI Materials and Methods). The two terms in square brackets express diffusionlimited DOM consumption by a population of nonmotile bacteria (25) , having bulk concentration B 0 and individual-cell radius a NM, , and a population of motile bacteria having bulk concentration γB 0 and individual-cell radius a M . Radii are equivalentspherical-cell radii for ecologically relevant cell sizes (26) and are different between motile and nonmotile populations as a simple means to account for differences in uptake kinetics. The parameter γ represents the relative concentration of motile and nonmotile bacteria in bulk seawater. We chose a baseline value of ∼10% motility, typical of natural seawater communities, but explored the effect of this parameter over a broad range, representative of the variability observed in nature (14, 15, 27) . Nonmotile bacteria maintain their uniform bulk concentration B 0 at all times, lacking the ability to behaviorally respond to the DOM. Thus, the model extends our observations by including a nonmotile population (SI Materials and Methods) and the quantification of the consumption by each population, obtained from the model, is the basis for determining the outcome of the competition for the diatom's DOM.
Fate of Diatom-Derived DOM. When the bulk bacterial concentration is high, a large fraction of the DOM released by lysis is consumed locally within the phycosphere, mostly by motile cells. Assuming a 1:10 ratio of motile to nonmotile bacteria (γ = 0.1) and that motile bacteria are larger (a M = 0.5 μm > a NM = 0.2 μm), we used the model to compute the fraction of DOM consumed by all cells within a single phycosphere (r < 2 mm) and the partitioning of this consumption between motile and nonmotile bacteria (Fig. 3A) . For B 0 < 10 5 cells per mL, consumption in the phycosphere is negligible and most DOM diffuses past the clustered bacteria and out of the phycosphere (Fig. 3A, Inset) . Conversely, when B 0 = 10 6 cells per mL then 25% of the DOM is consumed within the phycosphere, and when B 0 = 10 7 cells per mL-as can occur during phytoplankton blooms (28)-this fraction increases to 92% (Fig. 3A, Inset) . Phycosphere consumption is dominated in all cases (for B 0 = 10 4 to 10 8 cells per mL) by motile bacteria, which obtain greater than fivefold more DOM in the phycosphere than nonmotile bacteria (Fig. 3A) .
DOM not consumed in the phycosphere diffuses into bulk seawater (r > 2 mm), where it becomes homogeneously distributed and consumed over time by homogeneously distributed motile and nonmotile bacteria. The sum of each population's consumption in the two regimes-the phycosphere and the bulk-determines the outcome of the competition, and when phycosphere consumption is negligible, then each population's consumption is determined solely by its uptake rate in the bulk, irrespective of behavior. Accounting for this (SI Materials and Methods), we find that motile bacteria consume 22-36% of released DOM at bulk bacterial concentrations typical of seawater (B 0 = 10 5 to 10 6 cells per mL), 50% at slightly elevated bulk concentrations (B 0 = 2.2 × 10 6 cells per mL), and a striking 82% at high bulk concentrations (B 0 = 10 7 cells per mL) (Fig. S7 ). An analysis of the resource competition equation (Eq. 1) shows that DOM partitioning can be predicted for a broad range of different bulk bacterial concentrations B 0 , cell sizes a NM and a M , and proportion of motile cells γ, using only two lumped parameters, Σ = 4πDa NM B 0 and Γ = γa M /a NM (Fig. 3B) . The nonmotile consumption strength parameter, Σ (an inverse timescale), represents the uptake rate of the population of nonmotile bacteria, whereas the consumption strength ratio, Γ (dimensionless), measures the uptake rate of the motile population (4πDa M γB 0 ) over that of the nonmotile population (4πDa NM B 0 ), both computed assuming a uniform distribution of bacteria. For low consumption strengths (Σ < ∼10 −5 s −1 , Γ < ∼1; Fig. 3B ), the fraction of the DOM consumed overall by motile bacteria, F MOT , is set by Γ alone, because consumption is negligible within the phycosphere and occurs almost entirely in the bulk (Fig. 3A) . This "bulk limit" represents the traditional view of bacterial consumption in the ocean, in which microscale resource heterogeneity is not considered. For
, consumption occurs primarily in the phycosphere and is dominated by the motile population for all but the smallest values of Γ. For example, we find that motile bacteria consume F MOT = 29% of released DOM in typical coastal seawater conditions ( , Γ = 0.5; i.e., B 0 = 10 7 cells per mL, a M = 1.0 μm, a NM = 0.2 μm, γ = 0.1). These results reveal that under typical coastal conditions the partitioning of DOM among bacterial populations is largely unaffected by motility, and this is consistent with the variable and often low prevalence of swimming cells observed in natural waters (14, 27) . In contrast, in hotspot-rich conditions such as blooms, chemotaxis can play a disproportionate role in the fate of DOM from phytoplankton, even when the fraction of motile bacteria is small.
A Bountiful Yet Risky Phycosphere? By bringing bacteria in close proximity to the diatom and each other, cluster formation can influence the exchange of substances beyond the chemoattractant(s). These can include other molecules from the diatom but also biological entities originating from the accumulated bacteria themselves, for example signaling molecules, phages, or vesicles (29) , the release of which can be approximated as originating from the diatom lysis. We quantified the potential for exchange en- ), characteristic of many that can be released during diatom lysis, are consumed predominately (>50%) by motile cells (Fig. 3C) . ) disperse much more slowly than the ∼10-min duration of a cluster, hence they are not preferentially captured by motile bacteria. A consequence of this last result is that, although clustering allows motile bacteria to dominate DOM consumption in the phycosphere, it does not enhance their exposure to low-diffusivity entities that may be present in high concentrations in the cluster, such as phages (Fig. 3C) . Based on this prediction, we speculate that motile bacteria take advantage of DOM hotspots while minimizing the risk of "dangerous exchanges" within them. Moreover, enzyme activity among clustered bacteria may degrade low-diffusivity DOM to create high-diffusivity hydrolysates (32, 33) , further enhancing uptake by chemotactic cells in the phycosphere. In this model ocean, bacteria consume DOM both within phycospheres and in the bulk, where the bulk, steady-state DOM concentration is determined by the amount of DOM escaping from phycospheres and by the concentration of bacteria (Fig. 3A, Inset) . At the phycoscape level, there is a distinct transition in bacterial growth between bulk-dominated and phycosphere-dominated regimes (Fig. 4 and Fig. S9 ), mirroring the behavior observed in the partitioning of DOM from a single diatom. At low bacterial concentrations (B 0 < 10 6 cells per mL), elevated levels of carbon in the bulk drive growth, giving an advantage to the nonmotile population. At high bacterial concentrations (B 0 > 10 7 cells per mL), carbon consumption occurs primarily within phycospheres and little leaks into the bulk, which strongly favors motile bacteria. The point of transition between the two regimes depends on the ratio γ of motile to nonmotile bacteria: For a 1:10 ratio, the transition occurs at B 0 = 5 × 10 6 cells per mL (Fig. 4) , whereas for a 1:1 ratio it occurs at B 0 = 0.8 × 10 6 cells per mL. In the typical coastal scenario considered, carbon from lysis events supports growth of less than one new motile cell per day, insufficient to sustain the population under a characteristic assemblage turnover time of 1 d (34). In contrast, in the phytoplankton bloom or bloom collapse scenarios, growth benefits for both bacterial populations become substantial as cells encounter more lysis events (Fig. 4) , and a higher percent of cells reproduce (Fig. S10 A-C) . Even while both populations grow better, motility yields a >300% growth advantage in the bloom collapse scenario when B 0 = 10 7 cells per mL, a difference that remains conspicuous even after accounting for the cost of swimming ( Fig. S11 and SI Materials and Methods).
The increased role of motile copiotrophs in DOM consumption under increased cell concentration, B 0 (Fig. 4) , provides a mechanism for the initiation of bacterial succession in phytoplankton blooms. This is revealed by a simulation of the first several days of a bloom, starting from bacterial abundances typical of coastal conditions (B 0 = 0.5 × 10 6 bacteria per mL, ref. 35 ; γ = 0.1) and accounting for losses due to viral infection and protistan grazing (SI Materials and Methods). The simulation predicts a turnover in biomass from nonmotile oligotrophs to motile copiotrophs (Fig. 5A ): Populations increase after the bloom begins, heightening the competition for DOM and thus the importance of phycosphere consumption, and triggering the dominance of bacterial biomass by motile bacteria after ∼4 d (Fig.  5A) . In this scenario, nonmotile bacteria still dominate numerically (γ MAX = 0.25), but the larger cell size of motile bacteria and their dominance of phycosphere consumption triggers the biomass "inversion." This inversion will amplify during a bloom collapse, when phycosphere encounters increase even further.
During a bloom, when consumption is phycosphere-driven, the statistical nature of phycosphere encounters by individual bacteria results in a strong skew in uptake among motile bacteria as well as among nonmotile bacteria. Quantifying single-cell uptake in these conditions (SI Materials and Methods) revealed that a few "superconsumer" cells, those that happen to encounter multiple phycospheres and/or to be in a favorable location within a phycosphere, consume vastly more DOM than the average cell. For example, during a single lysis event (for B 0 = 10 7 cells per mL) the top 1% of motile cells consume enough DOM to each produce >30 new cells (Fig. S12) . Scaling this up to the phytoplankton bloom scenario, the top 1% of motile cells account for 40% of the population's total DOM consumption ( Fig. 5B and Fig. S10E ). This reveals that population reproduction may be largely driven by a small number of superconsumer cells. Consumption inequality during a bloom is even greater among nonmotile bacteria, where the 1% superconsumers account for 60% of the population's total consumption (for B 0 = 10 7 cells per mL; Fig. 5B and Fig. S10 E and F) , owing to the absence of cell redistribution within the phycosphere.
Impacts on the Microbial Ocean. DOM in the surface ocean often becomes available to microbes as microscale hotspots, in the form of organic particles (33) , leakage or lysis of phytoplankton, and microscale filaments originating from the turbulent stirring of larger DOM patches (36) . However, consumption of DOM is not always correspondingly heterogeneous: Consumption can occur within the hotspots but also in the bulk. Our hybrid observationmodeling framework enables one to predict the conditions under which bacterial DOM consumption is bulk-dominated versus hotspot-dominated (Fig. 3B) . We find that consumption among free-living bacteria is bulk-dominated under typical coastal ocean conditions, when most DOM released as microscale patches diffuses past bacteria that have accumulated by chemotaxis into bulk seawater, where consumption is dominated by nonmotile oligotrophs. In contrast, consumption becomes hotspot-dominated in phytoplankton blooms and bloom collapse conditions, when bacterial concentrations are high, cells are large, and/or the percentage of motile cells is elevated (Fig. 3B) .
When the environment shifts toward a higher frequency of hotspots, the growth of motile cells creates positive feedback by hastening the development of hotspot-dominated conditions, which in turn skews consumption toward motile cells. In addition to chemotaxis, the growth of motile cells will be strengthened by other copiotrophic adaptations, including diversified membrane transporters and higher ribosome content (2), as well as multiphasic uptake kinetics (37) . Chemotaxis then enables copiotrophs to deploy these adaptations with great effectiveness within hotspots, even when phycospheres are distorted by fluid flow (SI Discussion), potentially further increasing the per capita utilization of DOM compared with that found in our analysis.
The accumulation of copiotrophs in the phycosphere marks the initial stage in a continuum of events following a phytoplankton's lysis. Chemotaxis may favor and precede attachment of some bacteria to the diatom surface, enabling colonization of nascent phytodetrital particles. Attached bacteria that produce hydrolytic enzymes can degrade particulate organic matter embedded in the diatom (38) , releasing additional DOM. Because the timescale of attachment can be much greater than the initial ∼10-min-long response to lysis, the enzymatic activity of attached cells may create long-term gradients, prolonging the effect of the phycosphere on bacterial competition. Our observations demonstrate that clusters are mostly dissipated after 10 min (Fig. 2) , suggesting that DOM gradients become too weak to trigger substantial accumulation and that DOM exuded from phytodetritus on longer timescales should partition primarily to nonmotile oligotrophs. In contrast, attached copiotrophs will have prolonged individual benefits.
Growth of motile cells in hotspot-dominated conditions will modify the composition of bacterial assemblages by leading to greater prevalence of copiotrophic taxa. Despite observational evidence that major perturbations to the DOM environment trigger succession among bacteria, with a dominance of copiotrophic groups (4) , no quantitative framework has been available for these observations. Our analysis provides such a framework, for the simplified case of two bacterial populations, for which it predicts both the trends and the turning points for bacterial succession, in particular revealing that the initial phase of succession is driven by competition for DOM that becomes increasingly localized (Fig. 5A) . Importantly, the model predicts the dynamics of the relative concentration of motile and nonmotile bacteria (γ), a parameter analogous to the relative representation of motility and chemotaxis genes in metaomic datasets (17, 39) . The model therefore provides context for interpreting relative gene data and potentially converting such data post hoc to an empirical ratio for motile to nonmotile cells.
For motile bacteria and nonmotile bacteria, the effect of "being in the right place at the right time" has large consequences for individual uptake when DOM appears as ephemeral hotspots. Uptake distributions are strongly skewed within a population (Fig. S10) and a small number of superconsumer individuals, belonging to the long tail of the per-cell consumption curve, are responsible for most of the total population uptake. This hetereogeneity is commonly averaged out in bulk sampling approaches and seldom appreciated in marine microbial ecology. Intriguingly, long-tailed distribution curves also characterize single-cell activity rates in coastal seawater (40, 41) , suggesting a relationship between the uptake heterogeneity resulting from hotspots and skewed rates in standing bacterial stocks, which may extend to the level of individual phylotypes.
The concept of the phycosphere has evolved from theory (7-9, 12) to observation (10, 11, 13) and, with this study, to controlled generation and high-resolution quantification, indispensable steps to permit up-scaling its consequences for consumption and growth among bacterial populations. The hybrid approach A B C (Fig. 4). introduced here opens the door to its application for other studies of microscale patch dynamics and provides a blueprint for studying bacterial competition in heterogeneous environments. Different resource hotspots-including diverse groups of phytoplankton, particles, and oil droplets, as well as different release rates spanning from slow leakage to sudden lysis-will result in different microscale resource seascapes and thus different outcomes of the competition. The extension of both the laboratory approach and the modeling framework to the spectrum of microscale hotspots making up the ocean's chemical seascape will provide a fertile avenue toward a deeper understanding of the foraging ecology of microorganisms and their effects on microbial competition, genetic diversity, and ocean biogeochemistry.
Materials and Methods
Experimental Conditions for Diatom Lysis and Chemotactic Bacterial Response. We developed an approach to stimulate chemotactic cluster formation by inducing the lysis of individual chains or cells of the diatom C. affinis. In a mixture of enriched bacteria and diatom culture, a diatom was centered within the microscope's field of view and the iris constricted to shine fluorescent light only on the diatom and its immediate vicinity, over a circular area of ∼10-μm radius. To initiate diatom lysis, blue fluorescence light (350 nm excitation, 7 kW/m 2 ) was applied for 5-10 min while maintaining continual broad-spectrum lightemitting diode (LED) white-light illumination (∼200 μmol m −2 s
−1
). This procedure stimulated diatom plasmolysis, which was followed by chemotactic accumulation of motile bacteria 3-4 min after the fluorescence light was turned off. Image capture via video microscopy occurred during light exposure and through the chemotactic clustering response for up to 60 min.
Other Methods. Seawater sampling, diatom maintenance, microscopy, image analysis, and mathematical modeling are described in Supporting Information.
